We have used Cavity Ring-Down Spectroscopy (CRDS) to measure CH radicals inside a Hot Filament Chemical Vapor Deposition (HFCVD) reactor during the formation of synthetic diamond films. Although the HFCVD technique has been used for several years, the elementary chemical processes in the gas phase as well as the surface reactions are not completely understood. The high sensitivity of CRDS allows determination of rotational temperature as well as the absolute concentration of CH radicals.
Introduction
CVD diamond thin films have the potential to significantly affect many areas of technology. Diamond is currently being used for extending the operating lifetime of cutting tools and allowing the manufacture of radiation detectors that were previously not possible, while its high thermal conductivity makes it useful in thermal management of electronics packaging. Its optical properties make it useful in the manufacture of durable, transparent windows for the infrared. Overall, diamond's many exceptional physical properties make it a superb material for many applications. One reason that diamond thin films have not found their way into more products is the high cost of manufacturing. While many technologies exist to make diamond films, the quality varies dramatically from system to system and from one operating condition to another. A large amount of research has been performed to determine under what conditions it can be grown at higher rates, better quality and lower cost. Diamond CVD growth is a complex process that is not completely understood. The goal of this research is to further the understanding of the fundamental processes that are involved in diamond CVD growth.
The growth of a diamond thin film is dependent on many process parameters, including: substrate temperature, substrate material, substrate surface condition, and reactant gas mixture. It is generally believed that under many conditions CH 3 is the primary growth species, supplying the carbon atoms which build up to form the diamond lattice. Atomic hydrogen is also critical to the growth process as it can remove hydrogen atoms from the hydrogen terminated diamond lattice, and thus leave an vacant site for further carbon addition and growth of the lattice.
The CH radical is critically linked to the complete CH x gas-phase chemistry of most diamond growth reactors. 1 Although the CH radical itself is not regarded as a likely diamond growth precursor it is an important marker species for the extent of CH 4 fractionation in hot-filament systems. Also it is an excellent candidate for rotational thermometry of the reacting gas-phase.
Temperature is one of the controlling factors for the thermodynamics and chemical kinetics in the HF reactor. In order to accurately model the deposition environment, the gas phase temperature needs to be known. With the temperature field known, accurate calculation of thermal diffusion coefficients and their strong effect on species profiles may be performed.
The filament is the thermal activation source in the HF CVD reactor. It is primarily responsible for heating the gas and dissociating the hydrogen. It also may play a secondary role in the direct fractionation of hydrocarbon species. Since the filament is the primary heat source in a reactor, it sets an upper bound on the expected gas temperature. The filament is resistively heated to a brightness temperature of typically 2500 K, where its primary heat losses are from hydrogen dissociation, radiation and conduction to the gas. In the presence of methane a tungsten filament converts to tungsten carbide, or "carborizes". It has been shown that if the methane fraction becomes too high, it will poison the reactivity of the filament for hydrogen production.
The carborization also affects the emissivity of the filament, adding some uncertainty to the filament temperature determination.
Atomic hydrogen plays also a crucial role in the growth of diamond because it abstracts a hydrogen from methane to form methyl in the reactor. One of the most significant unknowns in this type of reactor is the production rate of atomic hydrogen at the filament. The production rate is usually an adjustable parameter in models of HF CVD systems. Atomic hydrogen and CH 3 are in partial equilibrium throughout most of the reactor, except very near the filament and substrate (~1 mm).
The high rate of production/destruction that occurs at these surfaces creates such steep gradients of atomic hydrogen that the chemical kinetics is not fast enough to maintain partial equilibrium.
Atomic hydrogen is heterogeneously produced at the filament surface and diffuses away. The amount of production at the filament should be less than the equilibrium value at the filament temperature. Since gas phase recombination is slow, and diffusion away from the filament is fast, the atomic hydrogen concentrations are typically above the local equilibrium value in much of the reactor. The most significant destruction mechanism of atomic hydrogen is its recombination at surfaces. In the HF reactor this takes place at the substrate, support posts and reactor walls. The destruction of the atomic hydrogen at a diamond coated substrate has been measured experimentally by others 2 to be: 
where γ H is the recombination coefficient of hydrogen on diamond. The value of γ H is approximately 0.12 at typical substrate temperatures. This recombination results in a significant heat release of 104 kcal/mol at the recombining surface, which produces a significant heating of the substrate.
In this report we present CRDS 3-7 measurements of the CH radical, which yield absolute CH concentration profiles and rotational temperature profiles in a hotfilament reactor. Our measurements take advantage of the high sensitivity of CRDS to probe the CH radical absorbance of the A 2 ∆-X 2 Π band at 431 nm, and provide spatially resolved profiles between the filament and substrate. Absolute concentrations of CH and its rotational temperature are determined and compared to TALIF measurements.
CRDS Fundamentals
CRDS is a highly sensitive laser based absorption spectroscopy that can be used to determine the absolute concentration of a sample. [4] [5] [6] [7] [8] [9] In a manner similar to single-pass laser absorption spectroscopy, this measurement is performed with twodimensional spatial resolution; however, unlike single-pass absorption spectroscopy, CRDS typically can measure fractional loss of intensity per pass as low as 10 -5 -10 -8 and is insensitive to shot-to-shot power fluctuations of the laser pulses. These features make CRDS suitable for high sensitivity measurements in the near UV spectral region where pulsed lasers are commonly used.
The CRDS technique, introduced by O'Keefe and Deacon 9 in 1988, is based on the measurement of the intensity decay of a light pulse trapped inside an optical cavity containing the absorbing sample. The pulse, generated by a nanosecond pulsed laser, is injected into the cavity through one of the mirrors and ideally circulates inside the cavity as a stable transverse mode. The intensity of the pulse as a function of time is monitored with a photodetector that collects the light transmitted through the second cavity mirror. When the cavity contains no absorbers, the intensity of light inside the cavity decays exponentially in time with a decay constant, the ring-down time τ 0 , given in terms of the reflectivity R of the cavity mirrors:
where t r is the round-trip time for the light pulse inside the cavity. When the absorbing sample is placed inside the cavity and its absorption follows Beer's law, the pulse intensity decays exponentially in time with a ring-down time τ that depends on both the reflectivity R of the mirrors and the absorbance αl s of the sample
where α is the sample absorption coefficient, and l s is the sample length. The quantity measured in CRDS is the sample absorbance αl s , which is related to the measurements of τ 0 and τ by
In our experiment, the decay times τ and τ 0 are determined from the computer fit of the ring-down waveform to an exponential function, and l s is determined experimentally.
Experimental Setup for CRDS
The experimental setup for cavity ringdown spectroscopy of CH radicals in a hotfilament reactor is shown in Figure 1 . The ring-down cavity is 65.1 cm long with mirrors mounted in 3.75 cm thick aluminum blocks separated with four stainless steel rods with a 1.9 cm diameter for cavity stability. The reactor is placed inside this cavity frame and connected to the mirror mounts by means of flexible bellows. A laser pulse injected into the cavity circulates back and forth along the same path between the cavity mirrors, crossing the reactor parallel to the filament and substrate. The distance between the filament and the pulse path is controlled by a translation stage and measured by a digital caliper mounted on the reactor.
A Nd:YAG pumped optical parametric oscillator (Model: MOPO-HF from SpectraPhysics) with a second harmonic generator was used as the pulsed light source. The pulses were 6 ns long with an approximate 0.014 cm -1 linewidth and a repetition rate of 10 Hz. The light pulse was shaped with a system of pinholes and lenses to match approximately the TEM 00 transverse mode of the optical cavity. The optical cavity mirrors have a 2 m curvature and are coated for 420 nm (Los Gatos Research).
The mirrors achieve greater than 99.99 % reflectivity at 431 nm, as determined directly by the ringdown time (τ 0 ) of the empty cavity.
The light transmitted through the back mirror of the cavity was collected by a photomultiplier (PMT) and the PMT signal as a function of time was recorded on an HP 54510A digitizing oscilloscope. The ringdown waveforms digitized on the oscilloscope were transferred to a personal computer, and a ring-down time constant was determined by fitting the trace from each individual laser shot. The ring-down time (τ) was then obtained by averaging the ring-down times measured from each shot over typically 30 shots per wavelength step. The CH absorbance (αl s ) is then obtained via Eq. (4). The hot-filament reactor consists of a 5-way stainless steel cross 4 inches in diameter. A two-stage mechanical pump (E2M40, Edwards) is used to evacuate the chamber to the minimum pressure of 4x10 -3 Torr. The chamber is filled with 20 Torr mixture of H 2 with 1.0 % of CH 4 flowing at a rate of 100 sccm. The tungsten filament is 20 mm long and 200 µm in diameter. It is positioned horizontally inside the chamber using two tungsten posts, 4 cm long and 1.5 mm in diameter, mounted on water-cooled copper electrodes. The filament is resistively heated with dc current to a brightness temperature of typically 2500 K, which is monitored with a disappearance pyrometer (Pyro Micro-Optical Pyrometer).
The substrate is made of a molybdenum strip (4 mm x 20 mm x 250 µm) and is resistively heated.
The substrate temperature is monitored with a K Type thermocouple that is welded to the rear surface. The front surface is pretreated with 10 µm diamond paste followed by a methanol rinse.
TALIF Fundamentals
In order to compare gas phase temperature measurements made with CRDS we have used two-photon absorption laser induced fluorescence (TALIF). This diagnostic probes the atomic hydrogen ground state, which has a primarily Doppler broadened transition to the excited state. The Doppler line-shape is used to determine the translational gas temperature spatially in the reactor.
The largest difficulty with this technique is that the fluorescence at 121 nm is strongly absorbed by the resonance absorption of atomic hydrogen. Although this problem does not interfere with the temperature measurements it is the main complication when using this technique to determine absolute concentrations.
To perform hydrogen TALIF measurements laser light at 243.1 nm is focused to a spot size of approximately 40 µm. At this high intensity focus, enough hydrogen atoms will absorb two photons and subsequently fluoresce to produce a detectable signal level of Lyman-α radiation. The twophoton absorption cross-section is very weak relative to a comparable one-photon process. The two photons excite the atom from the ground state to the first excited state 2S. This transition is one-photon spin forbidden, but is possible with two photons. Emission from the 2S state is slow, with a lifetime of 125 ms, while mixing with the nearly degenerate 2P state occurs quickly through collisions or electric fields. Once transferred to the 2P state, the atom quickly relaxes back to the 1S state while emitting a photon at 121 nm (this process has a lifetime of 1.6 ns). A simplified energy diagram for atomic hydrogen is given in Figure 2 . Simplified atomic hydrogen energy diagram for TALIF Another path that the excited atom may relax through is collisional quenching. The quenching rate, K, is given by:
where P is pressure, k is Boltzmann's constant, µ is the reduced mass, and Q, the quenching cross section, for atomic hydrogen in a H 2 bath is 84x10 -20 m 2 . This gives a quenching rate of 7x10 9 sec -1 or a probability of fluorescence of 45% at 1500 K and 20 Torr.
The emitted fluorescence from the 2P state is primarily Doppler broadened as discussed above. In order for these photons to be detected by the PMT they must first pass through a cloud of atomic hydrogen which has a strong resonance absorption of the 121 nm light. The path between the interrogated volume and the detector will also have a variation in hydrogen concentration and temperature.
The amount and spectral distribution of the light that arrives at the detector will thus depend on the concentration and temperatures profiles along the path traveled to the detector. If one dispersed the resultant fluorescent signal that arrives at the detector it is likely that the spectral distribution would be broadened and have a missing central peak. This self-reversal effect is due to the temperature being cooler along the path than at the interrogation volume. The cooler atomic hydrogen between the interrogation volume and the detector would have narrower absorption spectra than the emitted fluorescence, and would thus preferentially absorb the central peak while leaving the wings intact. Although this effect makes it nearly impossible to extract meaningful values of atomic hydrogen concentration, it is not detrimental in making Doppler temperature measurements via an excitation scan. When the narrowband laser is absorbed at one spectral location of the absorption lineshape, the same fraction of the resultant Lyman-α fluorescence is absorbed along the path to the detector as at any other excitation wavelength probed (assuming steady temperature and concentration fields). This allows accurate Doppler temperature measurements to be performed.
The temperature is extracted from the Doppler linewidth measurement of an atomic hydrogen excitation scan.
The collision broadening is approximately 0.07 cm -1 for collisions with H 2 at 20 Torr and 300 K, and the single photon Lyman alpha decay to the ground state has a lifetime of 1.6 ns. The Doppler linewidth of this atomic hydrogen transition varies from 1.0 to 2.3 cm -1 for a temperature range of 300 to 1500 K (eqn. 6). The laser linewidth was measured using an UV etalon and determined to be 0.34 cm -1 at 243 nm. Equation 7 is used to deconvolute the effect of the laser linewidth from the measured lineshape. 
Experimental Setup for TALIF The same reactor is used for both CRDS and H-TALIF measurements. Changes include using an eximer pumped dye laser, modified optical setup, and the mirrors have been replaced with windows to allow the 243 nm laser light into the reactor. (Figure 3 ) The laser light comes to a tight focus in front of the filament.
Due to the Lyman-α fluorescence being in the vacuum ultraviolet, the detector is mounted directly to an access port of the reactor. The detector is a solar blind photomultiplier tube, which has a bandpass filter for Lyman-α directly in front of it. No collection optics are used due to the difficulty of locating them in the reactor and material restrictions. This does not pose a significant problem as the large photocathode of the PMT still collects a significant amount of the fluorescence. The detector is shielded from the RF discharge noise of the excimer laser, and its output passes through a preamplifier before transmission to a boxcar integrator. The boxcar output is collected and averaged over a number of shots, typically 50, by a personal computer that also controls the wavelength stepping of the laser. The PMT photocathode has a threshold of 220 nm and this long wavelength rejection significantly reduces the background level due to the emission from the hot tungsten filament (which is centered at 1.3 µm). 
Results and Discussion

Rotational Temperature Measurements
Shown in Figure 4 is the absorption spectrum of the CH A 2 ∆←X 2 Π band system near 431 nm illustrating the individual rotational lines of the Q branch. The Q branch region allows fairly rapid measurements of several lines, thus permitting rotational temperature measurements to be made. An example of this rotational temperature determination is shown in Figure 5 , where the intensity of the measured lines Q(5) to Q(15) are plotted on a Boltzmann plot. This yields a straight line (indicating rotational equilibrium) whose inverse slope indicates a rotational temperature of 1310 K. Individual Q branch lines were chosen for the Boltzmann plot by selecting lines that had a minimum of interference from excited states and other branches. 
CH Concentration Measurements
All concentration measurements are performed by scanning the Q 2f (9) rotational line. It was chosen due to its isolation from other lines in the band. Each point is the result of scanning over the line with steps of typically 0.0006 nm and 30 shots per step. The number of shots was increased for locations far from the filament to improve the signal to noise ratio.
The absolute concentration is determined from the following equations:
Where I is the intensity, I o is the initial intensity, B 21 is the Einstein absorption coefficient, h is Planck's constant, ν o is the frequency of the transition, and Φ is the lineshape factor. At line center of the primarily Doppler broadened transition, the lineshape factor is:
The ground state population is then given by:
Where n o is the ground state population, ε rot is the rotational energy, k is Boltzmann's constant, Q total is the partition function, n J is the measured population, and J is the rotational quantum number.
Measurements were made with two reactor configurations.
The typical configuration is a filament and a substrate approximately 7 to 8 mm apart, arranged parallel to each other and the CRDS cavity. The second reactor geometry investigated was aimed at understanding the production mechanism of the CH radical near the filament surface. In this geometry the substrate was removed to provide an axisymmetric temperature and concentration field about the axis of the filament. (The slight asymmetry introduced by the slow motion of gas through the reactor has been demonstrated in our reactor to be negligible in an experiment where the flow direction was reversed). The axis of the CRDS circulating beam was then aligned perpendicular to the axis of the filament at its approximate midpoint. In this configuration the CRDS beam was translated away from the filament, effectively probing various chords of the axisymmetric methyl radical field. With the aid of an Abel transformation 11 these lateral data can be converted into a profile of the absolute CH radical absorption as a function of radial distance from the filament. Results of this study are shown in Figure 7 for a 200 µm diameter filament at a temperature of 2500 K, a reactor pressure of 20 Torr, and a mixture of 1.0% CH 4 in H 2 . The Abel inversion gives the absolute absorbance per centimeter of CH radical as a function of radius from the filament, while measurement in the parallel geometry gives the total absorption along the line of sight. In order to convert the measurement to an absolute absorbance per centimeter it must be divided by the interaction length. To a first approximation the effective length is 2 cm, the length of the filament and substrate. Experimentally, an "effective" interaction length (l e ) can be determined by the ratio of the parallel and the Abel inverted perpendicular result.
The result of this calculation is shown in Figure 8 . The figure shows that on the inlet side the effective interaction length is approximately 0.75 cm while on the substrate is also ~0.75 cm over the range 1.5 -4 mm. At 4 mm it increases toward the substrate to a maximum of just over 2 cm near the substrate. The increase indicates that the substrate has an effect on the effective length of CH measured when the substrate is present. 
Filament Temperature Variation
To better understand the effect of the filament temperature on the production of CH we have preformed measurements of the CH absorption as a function of filament temperature at a location 2 mm from the filament in the parallel configuration with a substrate in place. The filament temperature was measured with the disappearing filament optical pyrometer. The gas phase temperature at 2 mm was measured by CH rotational temperature. The concentration was then calculated using an effective length of 0.75 cm and Equations 6, 8-10. Figure 9 shows a gradual increase in the measured CH concentration up to a filament temperature of 2400 K. Above 2400 K the concentration increases dramatically with increasing filament temperature. This strong increase is likely due to the rising gasphase temperature, and increasing atomic hydrogen concentration. The dependence of CH rotational temperature on filament temperature is shown in Figure  10 . It increases steadily with increasing filament temperature. This temperature is needed to calculate the absolute CH concentration shown in Figure 9 . 
Comparison to Computational Models
McMaster and coworkers 12 discuss the limitations of many of the HFCVD diamond reactor models. One-dimensional models are limited in their ability to account for the true geometry of reactors, often neglecting reactor walls or other surfaces that effect the gas phase composition and leaving out the three dimensional character of diffusion. Proper modeling of the hot filament environment requires sufficient knowledge of the interaction of the hot filament surface with the gas phase. Despite the fact that much of the gas phase species is dominated by the effects of the hot-filament, little work has been done to assess this interaction. Figure 11 shows the comparison of a measured absolute CH concentration profile to the result of a 1-D model written by Goodwin 13 for the same conditions. This models largest limitation for the simulation of HF CVD reactor is that it does not model the filament gas interaction. It is necessary to input an initial condition in place of the filament reaction. In this case we have used an initial condition of an elevated atomic hydrogen concentration and equilibrium gas phase composition at the filament temperature for the other species. This is clearly not the best assumption but yields valuable information about the CH concentration. The model prediction shows that it is unable to correctly predict the CH concentration near the filament without taking into account the surface reaction of CH x on the filament. The model predicts qualitative agreement for the CH concentration far from the filament but fails for region close to the filament. 
CH 3 Concentration Measurements
We have previously applied CRDS to measure CH 3 radical concentration in the hot filament reactor 14 , and it is useful to compare these results to the present results involving CH. The axis of the circulating CRDS beam is aligned parallel to the filament, and is translated in the plane defined by the filament and the substrate's long axis. In this manner, absorbance as a function of lateral position is mapped out, and converted to absolute number density. Figure 12 shows the spatial profiles of the CH 3 number density (absorbance) measured in this manner within the hotfilament reactor with a substrate temperature of 900 °C. In this study, the filament temperature is held constant at 2300 K, the total pressure is 20 Torr, and the gas mixture is 0.5% CH 4 in H 2 flowing towards the substrate at a flowrate of 100 sccm. Unlike the CH data CH 3 has a peak in concentration at some distance away from the filament. In this two-dimensional model conservation equations for species, mass, momentum, and energy are solved including molecular and thermal diffusion, along with chemistry for 15 species via 38 reversible reactions. Temperature "slips" at the filament and substrate surfaces are prescribed from a separate Monte Carlo simulation. The temperature profile used in the calculation is shown in Figure 13 . This profile is in good qualitative agreement with our measurements (Figure 10 ). Also shown is the model prediction of the atomic hydrogen concentration.
We can see from these measurements that the fractionation of methane into both CH and CH 3 is strongly controlled by the filament temperature, and that the steep temperature gradients in the near filament region have a large effect on radical populations and distributions. 
TALIF Temperature Measurements
To compare the gas phase temperature measurements by CRDS we have also performed gas phase temperature measurements in the HFCVD reactor using two-photon absorption laser induced fluorescence (TALIF). In Figure 14 a typical excitation scan is shown which is used to extract the temperature. The filament mounts were changed in order to achieve a more uniform filament temperature. The hydrogen data was taken with the old mount system where the quoted filament temperature is that of its center.
Conclusion
On the basis of our observations we conclude that the CRDS technique can be used for quantitative diagnostic of CH radicals with high sensitivity. We have applied CRDS to the measurement of rotational temperature and absolute CH radical concentration in a hotfilament reactor, and have observed a strong sensitivity of the CH radical concentration throughout the reactor to process parameters. We have observed that fractionation of the methane into CH (and CH 3 ) is strongly controlled by the filament temperature, and that steep rotational temperature gradients in the near filament region have a strong influence on radical populations and distributions in the reactor. The CH measurement shows a sharp fall off of CH concentration with increasing distance from the filament. Unlike the methyl radical it does not show a peak in concentration at some distance away from the filament. The measured CH rotational temperature profiles are in good agreement with measurements using TALIF, and further demonstrate the usefulness of CRDS as a sensitive gas-phase probe.
